ABSTRACT: Electron microscopic study of virus infections in the erythrocytes of the frog Ptychadena anchjetae from northern Transvaal, South Africa revealed icosahedral iridovirus-like particles measuring 175 to 198 nm in diameter. containing a dense, pleomorphic nucleoid. Virions were enveloped by 2 membranes, and may be associated with extensive membranous clots. The virus assembled in the cytoplasm within spherical fibrillar virosomes. Infected cells contained a large crystalloid inclusion body in their cytoplasm and in some, the inclusion was also present in the nucleus. Infection occurred in both mature and immature erythrocytes. There was no evidence of productive infection in nonerythrocytic cells.
INTRODUCTION
Virus infections of the erythrocytes of amphibians and reptiles were previously thought to be caused by protozoan parasites and were named Toddia and Pirhemocyton.
Toddia has been found mainly in amphibians (Johnston 1975) , but also in snakes (Marquardt & Yaeger 1967 ) and fish (Arcay de Peraza & McLure 1971) . It is characterized at the light microscopic level by the presence of a cytoplasmic purple corpuscle representing the viral factory or virosome, and a crystalloid inclusion of unknown significance (Sousa & Weigl 1976, Paperna & Alves d e Matos 1993). Electron microscopic (EM) studies have shown these infections to be caused by indovirus-like viruses (Stehbens & Johnston 1966 , Sousa & Weigl 1976 , Speare et al. 1991 , Alves de Matos & Paperna 1993 .
Another potentially related intraerythrocytic iridovirus-like infection is the viral erythrocytic necrosis (VEN) of marine fish (Smail 1982 ).
Here, we present an EM study of virus-infected erythrocytes from the frog Ptychadena anchietae, captured in Transvaal (South Africa). The infection has not been previously reported, either in this species or in southern Africa.
MATERIALS AND METHODS
Study material was obtained from the South African anuran Ptychadena anchietae (Bocage, 1867) collected in Hoedspruit, northeast Transvaal, South Africa.
Blood was collected from a clipped toe in a glass capillary tube, allowed to coagulate and then extracted into 2.5 % glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) for fixation for 24 h at 4 "C. Blood vessel, lung and liver pieces were also fixed as above. The material was post-fixed in 1 % osmium tetroxide in the same buffer for 1 h. After rinsing in the cacodylate buffer the material was serially dehydrated in graded ethanols and embedded in Epon. Thin sections cut on an LKB I11 microtome with a diamond or glass knife were stained on grid with uranyl acetate and lead cltrate, and examined with a Phillips CM10 or JEOL 100s transmission electron microscope. W . . 
RESULTS
No appreciable pathological changes could be demonstrated in the infected frog. Hematological data reported elswhere (Paperna & Alves d e Matos 1993) show moderate proliferation of immature cells (17 % of the total erythrocyte count), all of which became infected (Fig. 1 ). Pathology could be demonstrated only at the host cell level. Infection involves major changes in the erythrocyte leading to its ultimate lysis or elimination by phagocytosis.
Virions seen in sections presented a hexagonal or pentagonal outline, compatible with a n icosahedral shape (Stoltz 1971 ) measuring 175 to 198 nm (n = 10) in diameter. Inside the particle, a dense, pleomorphic nucleoid could be found, often with a dense band delimiting a n irregularly filled or sometimes empty-appearing center (Fig. 2) .
Large numbers of viral particles were found in the cytoplasm of infected, circulating erythrocytes. The cytoplasmic virions were enveloped by 2 smooth membranes (Figs. 2 & 3) . In damaged cells, these enveloping membranes were seen to form clots which were tied with the nuclear membrane (Figs. 3 & 4) .
The virus was assembled within spherical, fibrillar virosomes in the cytoplasm. Inside these virosomes, incomplete viral capsids, not associated with membranes and lacking a dense nucleoid, could be found (Figs. 5 & 6) . Intranuclear particles were sometimes observed, as well as breaks in the nuclear membrane through which the virus could enter the nucleus (Fig. 7) . Budding virions were never found.
Infected cells contained large crystalloid inclusion bodies within their cytoplasm (Figs. 8 & 9) or, more rarely, in the nucleus (Figs. 10 & 11) . Infected proerythroblasts and circulating erythroblasts with viral features similar to those seen in the peripheral blood erythrocytes were found in the spleen (Figs. 12 & 13 ) and in the lungs (Fig 14) . Many of the cells were in the process of being phagocytized by macrophages (Fig. 15) . Other cell types, such as the macrophages, were never seen to be infected.
Clusters of membrane-associated virions were found within pulmonary capillaries. These virions were being phagocytized by the latter's endothelium (Fig. 16) . No evidence of productive infection was observed in lung parenchyma cells.
DISCUSSION
The virus observed in the South African frog was morphologically similar to the erythrocytic virus found by Sousa & Weigl (1976) in a Brazilian frog, but was about two-thirds of the size of the erythrocytic viruses described by Bernard et al. (1968) and Desser & Barta (1984) from North American frogs and the virus of Bufo marinus from Costa Rica described by Speare et al. (1991) . Size differences have been related to generic differences in iridoviruses of insects (Willis 1990 ). This suggests that frog species are infected by several different viruses, and that the differential distribution of these viruses follows biogeographic regions. Similar diversity has been found among erythrocytic viruses of fish (Smail 1982) and of reptiles (Alves de Matos & Paperna 1993).
Pentagonal and hexagonal sectional profiles of the capsid are well-documented characteristics of several icosahedral cytoplasmic viruses, including iridoviruses (Stoltz 1971) . Although Gruia-Gray et al. (1989) , following biochemical and biophysical studies, suggested affinity of the frog erythrocytic virus with iridoviruses, further biochemical and genetic data must be gathered for its classification: another iridovirus-like, icosahedral cytoplasmic virus (African swine fever virus) possessing double-stranded DNA was found to differ considerably from iridoviruses, and is considered to belong to a separate family (Willis 1990) .
Within the virosome, the polygonal shell was often incomplete and lacked a dense inner component. These particles probably represent developing virions and indicate the virosome to be the viral assembly site. Similar viral assembly sites have been found in other studied indoviruses, particularly in FV3 infections. However, in several insect iridoviruses and in Lymphocystis disease virus of fish, the assembly sites have different ultrastructural characteristics (Devauchelle et al. 1985) . The presence of intranuclear virions seems to be related to the entry of virions into the nucleus through breaks in the nuclear membrane, although the presence of an early intranuclear replication step of the iridovirus genome ) could conceivably raise also the possibility of a n intranuclear assembly of virions.
Virions accumulating in the cytoplasm were surrounded by 2 membranes. These probably represent endoplasmic reticulum cisternae enveloping the capsid, as suggested by Sousa & Weigl (1976) . The association of the membranes with the nuclear envelope was evident in lysing cells and supports this hypothesis. Similar membranes have been reported in the other studied frog erythrocyte icosahedral viruses (Bernard et al. 1968 , Gruia-Gray et al. 1989 . Bernard et al. (1968) suggested these membranes to represent the residual reorientation of endoplasmic reticulum from juvenile erythrocytes in hematopoietic zones, which had not been resorbed during maturation of the infected cell. The infected, immature erythrocytes observed in this study already possessed membraneenclosed virions. Since the capsid unit membrane of iridoviruses is synthesized in the virosome Anatomy Department, Curry Cabral Infectious Diseases (Devauchelle et al. 1985) , the increase in the amount of anism (Devauchelle et al. 1985) However, budding was not observed in this study. (Smail 1982) . The crystalloid body was distinctly striated, suggesting a proteinaceous composition, which is different from the structure of the 'vacuoles' in saurian reptile infections, as reported by Stehbens & Johnston (1966) and also from our own observations (Alves de Matos & Paperna 1993) . However the significance of this feature is unclear, since it remains to be determined if the crystalloid body consists of virally coded material (probably protein) or host-dependent material.
No clinico-pathological changes except for cytological damage as direct consequence of viral activity in the infected cell were so far demonstrated in any of the reported erythrocytic viral infections of frogs (Bernard 1968 , Sousa 1976 , Desser 1984 , Speare 1991 , Paperna & Alves d e Matos 1993 . This contrasts with the extreme anemia characteristic of erythrocytic viral infections in saurian reptiles (Paperna & Alves de Matos 1993) .
In this study we could find no evidence of infected cells other than erythrocytic cells, thereby excluding a potential relationship with non-erythrocytic frog iridoviruses. Infected erythrocytic cells at different stages of maturation were found in the spleen. Spleen macrophages were active in the phagocytosis of infected cells, and are therefore probably important for their removal and the animal's recovery (Paperna & Alves de Matos unpubl.) . Another possible mechanism of viral elimination is the phagocytosis of virions by pulmonary endothelial cells.
